The axial-vector mesons a 1 (1260), b 1 (1235), f 1 (1285), h 1 (1170), h 1 (1380), and K 1 (1270) are dynamically generated in the unitized chiral perturbation theory. Such a picture has been tested extensively in the past few years. In this work, we calculate the interaction kernel up to O(p 2 ) and study the impact on the dynamically generated axial-vector states. In anticipation of future lattice QCD simulations, we calculate the scattering lengths and the pole positions as functions of the pion mass, with the light-quark mass dependence of the kaon, the eta, and the vector mesons determined by the n f = 2 + 1 lattice QCD simulations of the PACS-CS Collaboration.
I. INTRODUCTION
Understanding the quark contents of hadrons has been at the forefront of nonperturbative strong interaction physics. In the naive quark model, baryons are composed of three quarks or antiquarks, and mesons consist of a pair of quark and antiquark. This picture works extremely well for most hadrons discovered before 2000, except a few, such as the scalar nonet of the f 0 (500) [1] and the Λ(1405) [2] . On the other hand, in the past decade many newly discovered resonances cannot be easily accommodated by the naive quark model. Some of them clearly contain more than the minimum number of valence quarks, such as the Z c (3900) [3, 4] , while others may have components of both(qqq) and multi quark configurations. Although a vast amount of experimental and theoretical studies have been performed to understand their nature, much more remain to be done.
Even among the seemingly well established and understood hadrons, some of them may be more complicated than originally thought. One such example is the lowest-lying axial-vector mesons. It was shown in Refs. [5, 6] that the a 1 (1260), b 1 (1235), f 1 (1285), h 1 (1170), h 1 (1380), and K 1 (1270) can be built from the interactions between the pseudoscalar octet of the pion and the vector nonet of the ρ within the so-called unitized chiral perturbation theory (UChPT) approach (see Refs. [7] [8] [9] [10] [11] [12] [13] [14] [15] for some early references). There are some technical differences between the two approaches. In Ref. [5] , both the K 1 (1270) and the K 1 (1400) are claimed to be dynamically generated while in Ref. [6] the two poles found in the isospin 1/2 and strangeness 1 channel are both claimed to be the K 1 (1270)-the so-called two-pole picture.
1 Such a dynamical picture has been put into test in many different scenarios, e.g., the two-pole structure of the K 1 (1270) [18] , their radiative decays [19] [20] [21] [22] , their large N c behavior [23] , the composite and elementary nature of the a 1 (1260) [24] and its finite volume dependence [25] . All these studies suggest that the axial-vector mesons contain large pseudoscalar meson-vector meson components.
It should be noted that the studies of Refs. [5, 6] are both based on the leading-order (LO) chiral potentials. It is not clear whether the scenario of these states being dynamically generated will change when higher order kernels are included. Given the fact that lately there have been attempts to study these states on the lattice [26, 27] , such a study is urgently needed. Recently it has been shown in the DK sector that although inclusion of higher-order kernels do not change qualitatively the conclusions, they do have impact on the quantitative description of the lattice 1 The two-pole scenario is also found for the Λ(1405) [14, 16] , which seems to be a universal feature of all the studies based on coupled channel chiral dynamics. See Ref. [17] for a recent review.
chromodynamics (LQCD) data, more specifically, their dependence on the light-quark masses (see, e.g., Ref. [28] ). The main purpose of the present work is to include the contribution of the next-to-leading order (NLO) chiral potentials, and to study their impact on the LO results and on the light-quark mass dependence of the scattering lengths and the pole positions.
The paper is organized as follows. In Sec. 2, we briefly recall the basic framework of UChPT in studies of the interactions between the pseudoscalar octet of the pion and the vector nonet of the ρ, and introduce the NLO chiral potentials. We study their impact on the prediction of the dynamically generated axial-vector mesons in Sec.3. In anticipation of future studies of these resonances on the lattice, we calculate the scattering lengths of the pseudoscalar-vector meson interactions and study their light-quark mass dependence in Sec. 4. The pole positions and their light-quark mass dependence are studied in Sec. 5. A short summary is given in Sec.6.
II. THEORETICAL FRAMEWORK
UChPT has become an invaluable tool to study interactions between hadrons and has played an important role in helping understand the nature of the many newly discovered resonances. At the center of the UChPT is the kernel provided by chiral dynamics and a unitarization procedure.
Although chiral dynamics largely fix the form of the kernel, unitarization techniques differ. Nevertheless, various unitarization techniques generally lead to similar results and only fine details may differ. In both Refs. [5, 6] , the Bethe-Salpeter equation approach was adopted to unitarize the chiral kernel, which has the following schematic form:
where V is the kernel potential, T the scattering T -matrix, and G the one-loop scalar two-point function.
A. LO chiral potentials
The LO amplitudes of pseudoscalar meson-vector meson interactions are calculated with the following interaction Lagrangian [5, 6] :
where Tr means SU(3) trace and ∇ µ is the covariant derivative defined as
where [, ] stands for commutator and Γ µ is the vector current
with
In the previous equations f is the pion decay constant in the chiral limit and P and V are the SU (3) matrices containing the octet of pseudoscalar and the nonet of vector mesons, respectively,
The two-vector-two-pseudoscalar amplitudes can be obtained by expanding the Lagrangian of Eq. (2) up to two pseudoscalar meson fields:
which is the so-called Weinberg-Tomozawa interaction for the V P → V P process. In the pseudoscalar octet we assume η 8 ≡ η. In the vector meson multiplet ideal ω 1 -ω 8 mixing is assumed:
Throughout the work, the following phase convention is used: |π + = −|1 + 1 ,|ρ + = −|1 + 1 ,
From the Lagrangian of Eq. (8) one obtains the S-wave amplitude:
where the ǫ (ǫ ′ ) stands for the polarization four-vector of the incoming (outgoing) vector meson.
The masses M (M ′ ), m (m ′ ) correspond to the initial (final) vector mesons and initial (final) pseudoscalar mesons, respectively. The indices i and j represent the initial and final V P states, respectively. The C ij coefficients for V P coupled channels in the (S, I) = (1, 1/2), (0, 0), and (0, 1) sectors can be found in Ref. [6] , where S denotes strangeness and I represents isospin.
B. NLO chiral potentials
The chiral Lagrangians relevant to the present study up to chiral order O(p 2 ) and with just one trace in flavor space (leading order in the large N c expansion) has the following form [29] :
where
. In Eq. (11) the low-energy constant (LEC) κ V is readily determined from the K * -ρ mass splitting:
The NLO chiral potentials, after projection into S-wave, are
where E P and E P ′ are the energy of the initial and final pseudoscalar mesons, and D
(1,2,3) ij are the corresponding Clebsch-Gordan coefficients and are tabulated in the appendix.
C. Unitarization
The unitarized amplitude obtained from the Bethe-Salpeter approach [6] is:
where ǫ ( ǫ ′ ) is the spatial polarization vector of the initial (final) vector meson, andĜ
) is a diagonal matrix with the l-th element, G l being the two-meson loop function containing a vector and a pseudoscalar meson:
with P the total incident momentum, which is ( √ s, 0, 0, 0) in the center of mass frame. In the dimensional regularization scheme the loop function reads as
where µ is the dimensional regularization scale. Changes in the scale are reabsorbed in the subtraction constant a(µ), so that the results remain scale independent. In Eq. (16), q l denotes the three-momentum of the vector or pseudoscalar meson in the center of mass frame and is given by:
where M l and m l are the masses of the vector and pseudoscalar mesons, respectively.
In Ref. [28] , the power-counting issue related to the regularization of the loop function G l [Eq. (15)] was discussed. It was found that the usual treatment as done in Eq. (16) is reasonable by assuming that a(µ) is in fact a O(p) quantity in order to ensure that G l is of O(p). The onshell approximation adopted in the present work is carefully examined in Ref. [30] , where special attention is paid to its influence on the light-quark mass dependence of the scattering lengths and the pole positions. It is shown that results obtained from the on-shell approximation can be trusted at least for quantities not far away from their respective threshold.
III. RESULTS AND DISCUSSION
In this section, we study the impact of the NLO chiral potentials on the dynamically generated axial-vector mesons. In anticipation of future LQCD simulations, we further calculate the scattering lengths and the pole positions as functions of the light-quark masses. As in Ref. [6] , we fix f = 92 MeV, a = −1.85, and µ = 900 MeV. The isospin averaged physical pseudoscalar and vector meson masses are taken from Ref. [31] .
A. Impact of NLO potentials
At O(p 2 ), there are six additional LECs. As mentioned earlier, the LEC κ V can be fixed from the ρ-K * mass splitting. In addition, the contributions proportional to the LECs δ 3,4,5 are suppressed compared to those proportional to δ 1 and δ 2 . Indeed, the δ 3 , δ 4 , and δ 5 terms vanish in the M V → ∞ limit, where M V is a generic vector meson mass. 2 Therefore, we only take into account the terms proportional to δ 1 and δ 2 and study their effects on the dynamically generated axial-vector mesons.
Since our primary purpose is to check whether the conclusions of Refs. [5, 6] are stable against the inclusion of the NLO chiral potentials as kernels in the Bethe-Salpeter equation, we decide to vary the LECs δ 1 and δ 2 between −1 and 1, assuming that they are of natural size, and then check whether the axial-vector mesons can still be dynamically generated. Indeed, we find that the dynamical generation of the axial vector mesons does not depend sensitively on the values of the LECs δ 1 and δ 2 .
In In Tables I, II , and III, we tabulate the pole positions and their respective couplings to each channel. The couplings are obtained from the residues of the T matrix elements at the pole position s 0 , i.e.,
It can be seen that the couplings obtained with the LO and NLO kernels are similar to each other.
B. Scattering lengths of pseudoscalar mesons and vector mesons
Scattering lengths provide vital information on the nature of hadron-hadron interactions at threshold and can show a first hint on whether the interaction is strong enough to form shal-2 For a related discussion in the heavy-light meson sector, see Ref. [28] . (2317) without a priori assumption of its existence [28, 32] . Such studies demonstrate that a lot can be accomplished by combining first-principles LQCD simulations with effective field theories, such as the UChPT. 
The scattering lengths of channel i with strangeness S and isospin I are related to the diagonal T -matrix elements T ii in the following way:
where M 1 and m 2 are the masses of the vector meson and the pseudoscalar meson of channel i. Since our aim is to study the light-quark mass dependence of the scattering lengths, we need to know the light-quark mass dependence of the pseudoscalar mesons and the vector mesons.
One can turn to LQCD simulations for the relevant information. Here we use the recent n f =
+ 1 results of the PACS-CS Collaboration performed with the nonperturbatively O(a)-improved
Wilson quark action and the Iwasaki gauge action [33] . From the simulated pion and kaon masses, one obtains the following relation [34] :
where a = 0.291751 GeV 2 and b = 0.670652. In our present work, we use the LO ChPT to relate the eta meson mass to those of the kaon and the pion, i.e.,
The vector meson masses up to O(p 2 ) can be calculated from the following Lagrangian: yielding
Performing a least-of-squares fit to the PACS-CS data [33] , the chiral limit vector meson mass M 0 , and the LECs λ m and λ 0 are determined to be
with a χ 2 /d.o.f. = 0.723. 3 We notice that the λ m determined from fitting the PACS-CS data is only slightly different from the κ V determined using the physical K * -ρ mass difference, which is 0.434.
In Fig. 2 , we show the scattering length of the dominant channels (determined by the couplings tabulated in Tables I, II, notice that the a ρπ shows some "threshold" effects in the h 1 channel and in the a 1 channel. Such threshold effects can be easily understood from Eq. (18) and Fig. 3 . When one varies the light quark masses, as routinely done in LQCD simulations, a bound state for a certain channel can become a resonance for that chanel, i.e., the trajectory of the threshold crosses the pole trajectory, as shown in Fig. 3 . If this happens, one can immediately see that for s approaching s 0 from below, a → ∞, while just above s 0 , a → −∞. In performing LQCD simulations of scattering lengths, one needs to be aware of such a scenario.
In principle, one can compare directly the scattering lengths at unphysical light-quark masses with those obtained from a LQCD simulation. For instance, in Ref. [27] , the scattering length of ρ and π mesons, a ρπ , is found to be 0.62(28) at a pion mass of 266 MeV. In our case, the a ρπ is much larger at the order of 10, as can be seen from Fig. 2 . Such a comparison needs to be taken with caution, however. First, the LQCD simulations are performed with n f = 2 configurations. But more importantly, the threshold effects can make such a comparison around the "threshold" region unreliable, because these effects depend sensitively on the particular light-quark mass dependence pattern of the masses of the building blocks, in the present work, those of the pseudoscalar and vector mesons. This may or may not be realized for a particular LQCD simulation. This being said, for resonances consisting of large hadron-hadron components, one may need to study the related scattering lengths carefully in order to not misinterpret the data in case that such a scenario happens.
C. Light-quark mass dependence of the pole positions
Because LQCD simulations are generally performed with larger than physical light-quark masses, the so-obtained resonance properties are not those of the physical world. It is of great importance to have a reliable approach to perform the necessary chiral extrapolations. In addition, the light-quark mass dependence of the pole positions can yield valuable information on the nature of the resonances, as have been argued in a number of previous studies [35, 36] .
In Fig. 3 , the real parts of the pole positions corresponding to the two K 1 (1270) states, the a 1 (1260), the b 1 (1235), the f 1 (1285), the h 1 (1170), and the h 1 (1380) are shown as functions of the pion mass. It is interesting to note that all the states exist in the range of m π till 700
MeV and thus LQCD simulations should have no problem in identifying them even at unphysical light-quark masses. In addition, the two K 1 (1270) states persist and remain well separated, thus allowing for the possibility of being identified on the lattice. We notice that recently a strategy has been proposed to extract the two-pole structure of the Λ(1405) from LQCD simulations in a finite box [37] . Such a strategy may also be employed to study the two-pole structure of the K 1 (1270) on the lattice.
In Fig. 4 , the imaginary parts of the pole positions are shown. It is clear that as the light-quark mass becomes large, these axial-vector mesons become bound. While as the pion mass decreases, even still two times larger than its physical value, they already become a resonance. Therefore, to obtain reliable results, LQCD simulations at small light-quark masses may need to take into account coupled channel effects and final state interactions explicitly, among others. Such studies are very demanding both numerically and theoretically. Nevertheless encouraging attempts have been seen recently.
Finally, we should mention that the vector mesons have finite widths, particularly, those of the K * and the ρ. We have checked that including the widths as suggested in Ref. [18] does not change qualitatively the obtained pole positions and couplings. On the other hand, we have no information on how the widths change with varying light quark masses and therefore cannot incorporate the widths into our studies of the scattering lengths and the pole positions without making further assumptions. We will leave such a study to a future work. 
IV. SUMMARY
In this work, we have studied the effects of the next-to-leading order chiral potential on the dynamically generated axial vector mesons. We found that the inclusion of the higher-order kernel does not change the results obtained with the leading-order kernel in any significant way, and 
VI. APPENDIX
In this section, we tabulate the Clebsch-Gordan coefficients D (1) ij of Eq. (13) for (S, I) = (1, (1) ij of Eq. (13) for (S, I) = (0, 0). 
TABLE VI. D
(1) ij of Eq. (13) for (S, I) = (0, 1). 
ij of Eq. (13) for (S, I) = (0, 1). 
